This paper develops a novel adaptive gain integral terminal sliding mode control with timedelay estimation to enhance the control performance of a pneumatic artificial muscle system. The main contribution of the paper is that the proposed control method can enable the benefits of both terminal sliding mode technique and an integral sliding mode approach. Thus, the controlled system not only achieves finite time convergence and robust performance but also attenuates the drawback of the reaching phase in the conventional sliding mode control approach. To develop the control algorithm, the mathematical of the pneumatic artificial muscle system is first design, which includes a nominal system and all uncertainties and disturbances in the system dynamics. Then, a backstepping terminal sliding mode is designed to achieve a finite time convergence of tracking errors in the nominal system. In addition, an integral terminal sliding mode approach is proposed to reject the uncertainties and disturbances. To enhance the control performance, a time-delay estimation is employed to approximate the nonlinearity and disturbance in the system and an adaptive gain scheme is coupled directly to estimate the ideal robust control gain, which can reduce the chattering phenomenon and increase the tracking accuracy. The stability of the controlled system is analyzed using Lyapunov theory. Moreover, the effectiveness of the proposed control algorithm is verified through a series of experimental tests on a developed pneumatic artificial muscle system.
I. INTRODUCTION
The requirement for flexibility and compliance for the applications in rehabilitation robotics, prosthetic robots, and especially the human-robot interaction, has ignited the growing interest of soft robots in recent years. The main components of soft robots are soft actuators, which are made of compliant materials. Among the soft actuators, pneumatic artificial muscle (PAM) actuator is considered as one of the most promising solutions due to many advantages of security, lightweight, cleaning, high force-to-weight, and forceto-volume ratio [1] . PAM is a pipe-like actuator that generates a pulling force as the bladder to make contact with the braid fibers via internal air pressurization and contracts in the axial The associate editor coordinating the review of this manuscript and approving it for publication was Chuxiong Hu . direction whereas expanding in the radial direction. Since the PAM has many above-mentioned benefits, it has been widely used in many applications [2] , such as exoskeletons for rehabilitation [3] , robotic orthosis [4] , and manipulators [5] . Moreover, the PAM has natural compliance that makes it feasible for biomimetic robotic devices, particularly those intended for interaction with humans [6] - [8] . However, the tracking accuracy of the PAM system is limited owing to the hysteresis behavior, nonlinearity and uncertainty during its working process.
In order to achieve high tracking accuracy for the PAM system, various control strategies have been presented recently. Advanced Proportional-integral-derivative (PID) controllers have been commonly used for the PAM system such as a nonlinear PID controller combined with a neural network scheme [9] , an advanced nonlinear PID controller [10] . VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Nevertheless, the efficiency of such control schemes is limited only to a specific region since their weak robustness against high nonlinearity and time variation of system parameters. To overcome this drawback, model-based control strategies have been developed recently for the PAM system [11] , [12] . The work in [11] developed a model-based cascaded sliding mode control (SMC) and Esfahani et al. [12] designed an indirect SMC based on an online identification scheme for estimation of the internal functions of the PAM dynamics. However, external disturbances have not been fully discussed in these works. To cope with this problem, an adaptive backstepping sliding mode control technique was used to control a PAM-based robot with a disturbance observer utilized to estimate and compensate the uncertainties and disturbance in the system dynamics in [13] . Notwithstanding, such control schemes only guarantee the asymptotical convergence of the tracking errors. It is worth noting that the finite time stability can enhance the steady state tracking accuracy of the nonlinear systems. Thus, a finite time sliding mode algorithm namely terminal sliding mode control (TSMC) have been introduced and applied in various control problems [14] - [22] . Compared to the traditional linear sliding surface, the nonlinear sliding surface in TSMC can provide some advanced characteristics such as fast transient response, high steady state tracking performance and finite time convergence of tracking errors. As with SMC, the TSMC comprises of two phases, the system is forced to reach the sliding surface in the reaching phase in a finite time and is kept staying there in the sliding phase. However, the presence of the reaching phase could degrade the performance of the TSMC thanks to the lack of robustness against disturbances at the beginning [23] .
Besides, it is worth pointing out that most of all abovementioned types of SMC need the prior information of the bounded value of the disturbance. One of the significant methods is to estimate the uncertainty and disturbance in the system to solve that problem. A variety of intelligent approaches were presented to seek suitable estimation strategies for the nonlinear systems such as adaptive fuzzy controller [24] - [26] , neural network [27] , adaptive control [28] , [29] and radial basis function neural network [30] . Nonetheless, the above approaches require complex algorithms or a large number of tuning parameters and depend largely on the experience of experts, while most of the PAM applications require controllers with easy practical implementation. Therefore, we employed a controller with a simple model based on time-delay estimation (TDE). The choice of use of TDE is that it can estimate the unknown dynamics with a simple control scheme and effectively cancel the nonlinear dynamics of the PAM system. The TDE, however, cannot estimate accurately the uncertainties in the system dynamics in the real experiments due to measurement noise and nonlinear behaviors. Therefore, the robust control gain must be sufficiently large to attenuate the time delay estimation error.
To deal with the aforementioned problems, this paper proposes a novel adaptive gain integral terminal sliding mode control (ITSMC) with TDE scheme for the PAM system. The main components of the proposed control scheme are a nominal control scheme, an uncertainty estimator, and a discontinuous robust control scheme. In the nominal control scheme, a novel backstepping TSMC (BTSMC) scheme is designed with the nonlinear sliding surface can provide outstanding features such as fast transient response, high steady state tracking performance and finite time convergence of tracking errors. Meanwhile, a novel ITSMC scheme with an adaptive gain is designed in the discontinuous control scheme. In this design, the integral term in the sliding function could ensure the system starts in the sliding manifold in initial period of time to avoid the effect of the reaching phase, which may degrade the effectiveness of the terminal sliding mode control at the beginning [31] , [32] . For estimation of the nonlinearity and disturbance in the system, a time-delay estimation technique is employed, which becomes the third component in the final control signal and make the controlled system become model-free. Moreover, an adaptation gain for the ITSMC scheme is proposed to estimate the ideal robust gain, which is just enough to compensate for the estimation error and thereby reducing the chattering phenomenon in the control signal. Comparing to the existing approaches, the main contribution of this work can be summarized as follows:
• To the authors' best knowledge, there are no approaches for the control of PAMs using the ITSMC. Moreover, this work proposed for the first time the hybrid control based on ITSMC and TDE. The objective of this work is to investigate the interesting above-mentioned properties of the proposed approach.
• Compared to the conventional integral SMC, a novel ITSMC robust control scheme with adaptation gain and TDE based uncertainty estimator are developed to attenuate the chattering of the control signal.
• The stability and finite time convergence characteristic of the controlled system is theoretically analyzed by Lyapunov theory and experimentally demonstrated in different challenging work conditions. The remains of this paper are organized as follows. The mathematical model and experimental setup of the PAM system is presented in Section 2. In Section 3, the ITSMC with TDE scheme is introduced and the stability analysis of the controlled system is investigated. The experimental results are carried out in Section 4. Finally, concluding remarks are given in Section 5.
II. PROBLEM STATEMENT A. MATHEMATICAL PNEUMATIC MUSCLE MODEL
The mathematical model of the PAM system is developed based on the geometrical properties and physical processes running inside the muscle. The major characteristics of the PAM are the relation between pressure, force, volume, and length. Specifically, the most often mentioned characteristic of the PAM is the force as a function of the pressure and a length-contraction. The PAM used in the work is a cylindrical artificial muscle from braided fibers with zero or nonzero wall thickness. The basic parameters of the PAM are shown in Fig. 1 , which are muscle length L, the diameter of the muscle D and the initial angle θ between the axis of the muscle and fibers, the length of single knitted fibers mesh shell b, and the winding turns of fibers n.
The actual length L and actual diameter D are expressed as functions of the initial angle θ as follows:
The volume of a cylinder with zero wall thickness is expressed as a function of the muscle diameter and valve diameter as follows:
According to the principle of conservation of energy and assuming that there is no energy loss in the actuator, the tensile force can be calculated as [33] :
The length L can be expressed as a function of x:
where L 0 is the initial length of a PAM. In fact, two proportional valves integrated inside the pressure regulators were used to regulate the pressure of the compressed air supplied into the PAMs. Consequently, the position is obtained through the antagonistic control of the pressure of the pair of the PAMs. A positive/negative motion of the plate requires an increment/decrement of the pressure P 1 of the PAM 1 and a decrement/increment of the pressure P 2 of the PAM 2. Therefore, the antagonistic actuation can be described by:
where P 0 is the initial pressure and P is the pressure difference from P 0 used as a manipulated variable in the antagonistic pressure control. It is useful to note that the antagonistic strategy can simplify the motion control, since only one control variable, the pressure difference P, is used for the actuation of the motion through a pair of the PAMs in an antagonistic configuration. The pressure difference P is the control input of the closed-loop system, i.e., u = P. Each PAM geometric force is formulated as the gauge relative pressure P multiplied by the change in volume with respect to length, respectively.
where F 1 and F 2 express the contraction forces of the two PAMs, x is the mechanism position. Hence, the motion equation of the system can be written as the following nonlinear second-order equation.
where M is the mass of the plate, B is the viscous damping coefficient, is the total of unknown disturbances in the system dynamics, which includes of external perturbations, e.g., load variations or disturbance torque, and friction nonlinearities.
Substituting (7), (8) into (9), the load dynamics of the system can be presented as:
Let us define f 0 (x), g 0 (x) are the nominal values of f (x) and g(x), respectively. Thus the equation (10) can be rewritten as the following.ẍ
where d = (f (x,ẋ)−f 0 (x,ẋ))+(g(x)−g 0 (x))u+ . Let x 1 =
x and x 2 =ẋ, then the equation (11) can be transformed as:
Remark 1: It is noted that g 0 (x 1 ) > 0 with x 1 ∈ Assumption 1: The lump disturbance d is bounded by the following inequation.
where δ d is a positive constant. The model response and the system response corresponding to a chirp signal are depicted in Fig. 3 . Obviously, the system model can fairly illustrate the complicated response of the real system, i.e., the hysteretic behavior. Fig. 4 shows the nonlinear term d(t) in (11) and its TDE error. It can be seen that the TDE is capable to estimate the nonlinearity and disturbance in the PAM system. 
B. HARDWARE CONFIGURATION
The linear antagonistic structure is widely used as a controlled mechanism or the basic activation element in numerous PAM applications [34] . the antagonistic configuration to create dragging to pull and push a plate along the linear guide in a working range of −10 to 10 mm. In addition, controlled pressure is achieved by two proportional pressure regulator valves (Festo VPPM-8L-L-1-G14-0L8H-V1N) supplying compressed air two PAMs respectively. The pressure sensors, which are integrated inside the pressure regulators, provide a measurement accuracy of ±0.0035 bar. Besides, the displacement of the plate is measured horizontal axis through a linear encoder (Rational WTB5-0500MM) and provides measurement accuracy of ±0.005 mm. The control setup for the system is deployed as a standalone device using a PC programmable through combine PCI-1711 card and QUAD-04 card. The specification of the experimental devices is listed in Table 1 .
III. CONTROL STRATEGY
In this section, the adaptive gain ITSMC is developed for the PAM system (11) to guarantee the finite time convergence of the tracking errors in the presence of the uncertainties and disturbances. The structure of the designed control algorithm is shown in Fig. 5 . The proposed control scheme is structured from a combination of a continuous nominal control scheme a discontinuous robust control scheme and a TDE based uncertainty estimator. The nominal control system consists of a transfer coordinate block to change the variable coordinate and a backstepping terminal sliding mode-based control block, which is designed to guarantee the robust performance of the nominal system. The uncertainty and disturbance in the system dynamics are approximated using TDE technique, whereas the robust control system is comprised of two filtered blocks to calculate the integral sliding surface and a robust control block with adaptive gain to deal with the uncertainties and disturbance in the controlled system. The detail of the designed control approach is presented as the following.
A. INTEGRAL TERMINAL SLIDING MODE CONTROLLER (ITSMC)
The goal of this section is to develop a control scheme based on the integral terminal sliding mode control such that the state variables x 1 and x 2 can track their corresponding reference values x 1d and x 2d accurately. Let the tracking error defined as e 1 = x 1 − x 1d and e 2 = x 2 − x 2d , then a terminal sliding surface is chosen as:
where α = α 1 /α 2 , α 1 and α 2 are positive odd integers satisfying the relation [35] 0 < α 1 /α 2 < 1, k 1 and k 2 are designed positive constants. Taking the derivative of (14), one obtains:
In the integral terminal sliding mode approach, the following form of the control signal is designed to guarantee the tracking accuracy of the nominal system and compensate the uncertainties and disturbances in the system.
where u n (t) denotes the nominal control signal, which is responsible for the performance of the nominal system, which is defined later, and u s (t) denotes the robust control signal which deals with the uncertainties and disturbances.
The nominal system of (12) is represented by the following form:
The following step is designed the control signal u n (t) to assure the finite time convergence of the tracking error e 1 in the system (17) . Firstly, the following auxiliary variables are defined:
The time derivative of the υ 1 is computed as:
Then virtual control signal β 1 (t) can be designed as:
where η 1 and κ 1 are positive designed parameters and γ 1 = p 1 /q 1 , where p 1 and q 1 are odd integers and p 1 < q 1 . Taking the time derivative of the variable υ 2 , one obtains:
Therefore, the nominal control signal u n (t) can be designed as:
where η 2 and κ 2 are positive designed parameters and γ 2 = p 2 /q 2 , where p 2 and q 2 are odd integers and p 2 < q 2 . Theorem 1: For the system described in (17), the transferred coordinate defined in (18) , the virtual signal β 1 (t) designed as (20) , and the control signal designed as (22) , then the tracking error e 1 (t) can converge zero in a finite time.
Proof: See Appendix A. In order to achieve the robustness of the control system against uncertainties and disturbances, the objective of the following step is to design an appropriate robust control signal u s (t). Motivating from the integral type sliding mode control design in [36] , the proposed integral sliding surface is designed as follows:
In the above integral sliding surface formula, the presence of the additional integral term results in a higher degree of freedom in design of the proposed control algorithm than traditional terminal sliding mode control. In addition, the term of −s(t 0 ) provides an interesting characteristic that ρ(t 0 ) = 0, such that the reaching phase is removed. Therefore, the proposed control system achieves greater robustness than the traditional terminal sliding mode with the reaching phase. Then the robust control signal u s (t) is selected as
where κ 3 and κ 4 are positive designed parameters, η 3 ≥ δ d , γ 3 = p 3 /q 3 , where p 3 and q 3 are odd integers, and p 3 < q 3 . Theorem 2: Considering the system defined in (12) satisfying Assumption 1 the terminal sliding surface chosen as (14), the integral sliding surface designed as (23) , and the robust control signal designed as (24), then the system is finite time stable.
Proof: See Appendix B. In practice, it is difficult to determine the value of δ d . Thus, in the conventional sliding mode control, the robust control gain η 3 is selected to be large to compensate for the lump disturbance. However, a large control gain in the discontinuous signal in (24) leads to a large chattering phenomenon in the final control signal, which could harm the actuator system. Therefore, a time delay scheme and an adaptive gain scheme are developed in the next section to solve this problem.
B. PROPOSED ADAPTIVE GAIN ITSMC WITH TDE
It is quite intricated and time-consuming to obtain the estimation of the nonlinearity d(t) using tradition methods for such systems with complex and time-varying uncertainties and disturbances. Hence, the TDE scheme is utilized to estimate the nonlinear term d(t) in a simple way. As the time delay t d is chosen to be adequate small, the following condition is satisfied:
Therefore, the control law for the PAM system can be rewritten as the following:
where the nominal control signal u n is designed as in (21), d is the estimation of the nonlinear term d(t) and can be calculated as:
In reality, the disturbance d(t) is hard to approximate accurately even for small time period t d due to the measurement noise and nonlinearity characteristic. Thus, the time delay estimation error ε d = d -d exists and degrades the robustness of the controlled system. To overcome this problem, the robust control signal u s (t) can be redesigned as follows:
whereη 3 is the estimation value of the robust control gain η 3 . Assuming that the time delay estimation error is bounded by |ε d | ≤ ϑ, where ε d denotes a positive value. The proof of the boundedness of ϑ is provided in Appendix C. In order to guarantee the stability of the control system, the following adaptive law for the robust control gain is designed:
where µ > 0 is the adaptation parameter. Considering the following Lyapunov function.
Taking the time derivative of the above Lyapunov function, one obtains:
Basing on the Lyapunov stability criterion, the stability and finite time convergence of the tracking error are guaranteed in spite of the presence of the uncertainties and disturbances.
Remark 2: The proposed adaptive gain ITSMC in (28) and (29) is not ready for the practical implementation. Since the measurement noises and other non-idealities always occur in the real experiments, it is very hard to ensure the integral sliding surface ρ(t) = 0. Therefore, the adaptive law for the robust gain described in (32) is modified as follows:
• If |ρ(t)| ≥ δ > 0, thenη 3 (t) is the solution of equation (29) .
• Otherwise,η 3 (t) is given as the followinĝ
where δ is the threshold value, η 0 is a positive value, t m is the largest time such that, by defining t m * the time just before t m , |ρ(t m * )|≥ δ and |ρ(t m )| < δ, and χ is the average value of the function sign(ρ(t)), which is given as:
where σ > 0. Remark 3: Assuming that ρ(0) = 0, the updating law shown in (29), (32), and (33) works as follows.
• While the condition |ρ(t)|≥ δ> 0 exists, the adaptive gain η 3 (t) is increasing up to value big enough to compensate the unknown bounded disturbances until reaching the sliding mode in the real experiment, as the condition |ρ(t)| <δ is met. Denoting the time instant when the sliding mode has been reached for the first time as t 1 .
• In the sliding mode |ρ(t)| <δ, the adaptive gain η 3 (t) is calculated following equation (32) and (33), with t m = t 1 . It is worth noting that the adaptive gain will be decreased and then adjusted with respect to the current uncertainties and disturbances.
• If the time varying disturbance greater than the value η 3 (t 1 ), then the system is out of the sliding mode and the robust gain η 3 (t) is updated by following (29) , which is increasing until the condition |ρ(t)| <δ is met. Remark 4: The robust gain η 3 (t) has an upper-bound η * , and there exists a finite time t F > 0 so that the sliding mode is established, i.e., |ρ(t)| <δ. The detail of the finite time stability for the system using the updating law as in (29), (32) , and (33) is given in [38] .
Remark 5: In order to reduce the chattering phenomenon, the sign function in (27) is replaced by the following saturation function.
where ε ρ is a small positive real number.
IV. EXPERIMENTAL RESULTS
In this section, the effectiveness of the proposed controller is verified through various experimental tests on a real-time PAM system, which has been introduced in Section II. The system operating process is developed based on real-time Windows target toolbox on the MATLAB-Simulink environment. The sampling time t of the real-time process is chosen to be 0.005 second. The performances of the proposed control approach are compared to those of a conventional PID controller, an ITSMC without the adaptation gain scheme, under the same working conditions. The parameters of the PID gains were initially turned by Ziegler-Nichols method based on stability boundary. The parameters of the PAM model are shown in Table 2 . The parameters of the backstepping terminal sliding mode designed for the nominal system is chosen as η 1 = 3, η 2 = 1.5, κ 1 = 10, κ 2 = 2, γ 1 = 5/7, and γ 2 = 5/7. The parameters of the ITSMC are designed as k 1 = 2, k 2 = 5.5, α = 9/11, η 3 = 2.5, κ 3 = 10, and κ 4 = 2. The adaptation gain scheme is designed with the following parameters µ = 10, δ = 0.05, σ = 0.1, and the remain parameters of the proposed controller are selected as the same as the ITSMC. It is obvious that smaller time delay t d will bring in better estimation, therefore t d is usually selected as one or few sampling periods. In this work, time delay parameter t d is selected equal sampling period t.
In order to validate the effectiveness of the proposed control algorithm in the real test bench, the following case studies are investigated. 1. A low-frequency sinusoidal trajectory with no load; 2. A high-frequency sinusoidal trajectory with no load; 3. A multistep trajectory with no load; 4. A high-frequency sinusoidal trajectory with two loading cases: 2-kg-mass and 7-kg-mass.
A. CASE STUDY 1
In the first case study, the reference trajectory was a sinusoidal signal with an amplitude of 8 mm and a frequency of 0.2 Hz. The parameters of the PID controller were selected as K P = 3.5, K I = 28 and K D = 0.1. The experimental results obtained by applying, in turn, the PID, TSMC, and proposed controller to the testing system are shown in Fig. 6 . The tracking performance of the comparative controllers, as well as zoom-in performances are shown in the first graph, whereas the tracking errors and the control input signals are shown in the second and third graph, respectively. As can be seen in Fig. 6 , the conventional PID controller provided a suitable control input to compel the system trajectory to its reference as closely as possible. Thus, an acceptable range of control error (±0.6 mm) was accomplished when employing the PID controller with a fixed gain. However, this controller gave the worst tracking performance due to its lack of robustness against nonlinearities or uncertainties. Meanwhile, with the robust control design, the ITSMC improved the control performances with much smaller tracking errors. The tracking errors of the ITSMC are mostly limited in an acceptable range of ±0.3 mm. Furthermore, the proposed controller algorithm provided better performance with the tracking errors mostly within ±0.25 mm. It can be observed that the proposed control signal is smooth as expected and has much less control chatters than that of the conventional ITSMC. It comes not only from the advantage of TDE but also the use of the adaptation gain scheme, which can estimate the ideal robust gain of the discontinuous signal.
B. CASE STUDY 2
In order to further investigate the advantage of the designed control structure, a high-frequency sinusoidal signal with the frequency of 1 Hz and the amplitude of 8 mm is selected as a reference trajectory. The PID controller's gains were chosen as K P = 4.5, K I = 40 and K D = 0.1. Applying the PID controller, ITSMC, and the proposed control algorithm, the tracking performances, tracking errors, and control signals of the corresponding controllers are depicted in Fig. 7 . As shown in this figure, it is clear that the PID performance was significantly degraded with the bound of the tracking error with respect to 1 Hz sinusoidal reference nearly four times that of the case study 1, from 7.5% at 0.2 Hz to 30.8% at 1 Hz. Meanwhile, the ITSMC show its better robustness performance with the bound of tracking errors increased from 3.8% at 0.2 Hz to 11.5% at 1 Hz. In contrast, the proposed controller still maintained its merit with the tracking errors is kept in a small range, 3.1% at 0.2 Hz and 8.1% at 1 Hz. With regard to the chattering phenomenons, it is shown that the chattering phenomenon was significantly attenuated in the proposed control signal compared to the ITSMC signal, whereas the excellent tracking performance was still ensured. This once again validates the advantage of the proposed control method. 
C. CASE STUDY 3
In this case study, the comparative controllers are tested with a multistep reference trajectory to verify their performances with respect to the irregular tracking commands. The parameters of the PID controller were chosen as K P = 1.5, K I = 18 and K D = 0.05 for this case study. The comparison between PID controller, ITSMC, and the proposed control algorithm with respect to the multistep reference signal is depicted in Fig. 8 . As can be seen in this figure, the response speed of the designed controller is better than those of ITSMC and the PID controller. The proposed controller provided the fast response with the average rise time is about 0.08 second whereas those of ITSMC and PID controller is 0.15 second and 0.32 second, respectively. The proposed control algorithm also gave the best performance in terms of overshoot and settling time whereas the PID controller gave the worst. In addition, the average absolute values of steady-state errors of the PID controller and ITSMC are about 0.1 mm and 0.04 mm, respectively, whilst the bound of the tracking errors of the proposed controller are less than 0.02 mm. On the whole, the proposed control algorithm showed the best performance in the comparative controllers, with excellent tracking trajectory accuracy, fast response speed, small steady-state error, and abolished chattering behavior.
D. CASE STUDY 4
In order to investigate the robustness of the proposed control algorithm against external disturbances, a 2 kg mass and 7 kg mass, in turn, is attached to the plate through a pulley as seen in Fig. 2 . The reference trajectory is chosen as the same as in case study 2. The control performances of the comparative controllers in two loading conditions are shown in Fig. 9 . It can be seen in this figure that the PID controller became much worse in the loading condition, especially with 7-kg-load condition. The tracking errors of the PID controller in 2-kg-load condition and 7-kg-load condition were ±2.4 mm and ±3.2 mm, respectively. These results come from the lack of robustness of the PID control algorithm against the disturbance. Meanwhile, thanks to the robust control scheme, the tracking errors of the ITSMC were a little increased compared to the free-load condition, ±1.1 mm with 2-kg-load and ±1.22 mm with 7-kg-load. However, the best performances were obtained by using the proposed control algorithm, which has both robust and adaptable property. The results in Fig. 9 show that the proposed control method always maintains the tracking errors within a small range (less than 0.8 mm) despite loading condition. In addition, the chattering behavior of the proposed control signals in two loading cases was shown as tremendously less than that of ITSMC. This comes as no surprise from the advantage of the adaptation gain scheme (29) , which estimate the ideal robust control gain to effectively compensate the disturbances in the system dynamics. The histories of the adaptive gains for the 2-kg-load condition and 7-kg-load condition are shown in Fig. 10 . In order to a quantitative comparison between the tracking performances of the control strategies, the integral absolute Table 3 , where T is the total experimental time. As shown in this table, the effectiveness of the proposed control method is once again confirmed with the smallest tracking errors however the smallest control efforts in all experimental tests.
V. CONCLUSION
This work began with a review of the limitation of control algorithms developed for the PAM systems. Then, to overcome the drawbacks of the previous approaches and improve the tracking performance of the PAM systems, a new proposed controller has been presented. The idea of the designed control approach is to define the control law as a sum of a nominal control scheme and a robust control scheme. The nominal control algorithm is developed based on backstepping terminal sliding mode algorithm to achieve the finite time convergence of the controlled nominal system whereas the robust control scheme is derived to reject the effect caused by disturbances. From the comparison of the experimental scenarios, the proposed control method provided the following important properties: 1) Finite time convergence of the tracking errors, 2) Eliminating the reaching phase, 3) Robust performance against uncertainties and disturbances in the system dynamics, 4) Reducing the chattering phenomenon by adaptation gain scheme, 5) Fast transient response. The effectiveness of the designed control algorithm is theoretically confirmed by Lyapunov stability theory and experimentally validated through superiority performance to other control methods on a real PAM system. Future works will be directed to the control of the impedance of the system using the stiffness properties of the PAMs.
APPENDIX A
In order to prove the Theorem 1, a Lyapunov candidate function is considered as follows:
The time derivative of V 1 is computed as:
According to the finite time stability from [30] , [37] , the variables υ 1 and υ 2 can converge to zeros in a finite time. From (18) and (20) , the tracking errors e 1 and e 2 also reach zeros in a finite time.
The proof of Theorem 1 is completed.
APPENDIX B
Considering the following Lyapunov candidate function.
Differentiating the above Lyapunov function, one obtains:
Using the finite time criterion described in [30] , [37] , the convergence of ρ(t) to zero in a finite time is guaranteed. According to (15) and (24), the tracking error of the system will reach zero in a finite time despite of the presence of the lump disturbance. Thus, the system is a finite time stable.
The proof of Theorem 2 is completed.
APPENDIX C
This appendix presents the proof of the boundedness of TDE error ε d . The total control signal (26) for the PAM system can be rewritten as follows
+ u s . Substituting the control signal in Eq. (39) into the dynamic equation (11) , the closedloop dynamics applying the proposed control method can be expressed as
where = g 0 (x)ψ. Let us define G 0 (x 1 ) = g 0 (x 1 ) −1 and G(x 1 ) = g(x 1 ) −1 . By substituting (40) to (10) , ones obtain
where ϕ G(x 1 )(f (x 1 , x 2 ) + ). By combination of (39), (40) and (41), the dynamics equation of the PAM system with respect to ε d is given as follows.
G(x 1 )ε d = −G(x 1 ) + ϕ + u = −G(x 1 ) + ϕ + ψ − G 0 (x 1 ) f 0 (x 1 , x 2 ) +d = (G 0 (x 1 )−G(x 1 )) + ϕ −G 0 (x 1 )f 0 (x 1 , x 2 ) − G 0 (x 1 )d (42)
From the formula of the time delay estimator (27), the equation (42) is expressed
Substitutingẍ 1 (t − t d ) = ε d (t − t d ) + (t − t d ) to (43), ones obtain
x 2 (t − t d ))] + [1 − G 0 (x 1 )/G 0 (x 1 (t − t d ))] ϕ(t − t d )/G(x 1 ). Since ϒ 1 and ϒ 2 are bounded for a sufficient small timedelay t d , the first order differential equation expressed in (44) is asymptotically bounded if the roots of (1 − ς (x 1 )) lie inside a unit circle. The proof is completed. He is currently a Professor with the School of Mechanical Engineering, University of Ulsan, Ulsan, South Korea. His research interests include the design and control of smart actuator using the smart material, fluid power control and active damping control, and renewable energy. He is an Editor of IJCAS and an Editorial Board Member of Renewable Energy, Actuators, and the Journal of Engineering. VOLUME 7, 2019 
